1] The vertical structure and evolution of the wintertime annular modes are studied using 6 years of geopotential height, carbon monoxide (CO), and water vapor (H 2 O) data from Aura Microwave Limb Sounder. The Northern Hemisphere annular mode (NAM) and the Southern Hemisphere annular mode (SAM) reveal a strong coupling of the dynamics in the stratosphere and mesosphere between 316 hPa (∼9 km) and 0.002 hPa (∼90 km). CO is a good tracer throughout the middle atmosphere, while variable vertical gradients of H 2 O limit the regions where it is useful as a dynamical tracer. The maximum of the CO NAM and SAM (CNAM and CSAM) indices is used to monitor and characterize the evolution of wintertime polar dynamics as a function of time and height. The CNAM analysis reveals reformation of a stronger mesospheric polar vortex after significant stratospheric sudden warmings in 2006, 2009, and 2010. There is a significant anticorrelation between the mesospheric and stratospheric CNAM indices during 2005-2010 winters, supporting the hypothesis of mesosphere-stratosphere coupling through planetary-gravity wave interactions.
Introduction
[2] The middle atmosphere is an important region where wave propagation, dynamical coupling, and tracer transport affect both the lower and upper atmospheres; it acts as transition zone between the photochemically driven ionosphere [Goncharenko et al., 2010] and the wave generating troposphere. Dynamics in the middle atmosphere determine the extent and timing of polar processes, ozone chemistry, and composition distribution [e.g., Lahoz et al., 2009] .
[3] Forced by upper tropospheric weather systems or internal instabilities, extratropical planetary and gravity waves can propagate upward and reach the mesosphere with growing amplitudes, becoming the dominant dynamical forcing in the upper atmosphere [Wu, 2000; Salby et al., 2002; Pancheva et al., 2008; Harvey et al., 2009; Offermann et al., 2009] . Wave-induced forcings in the polar region can drive a meridional circulation that causes upwelling in the tropical stratosphere, poleward and down-ward in the extratropics [Garcia and Boville, 1994; Holton et al., 1995] . Thus, the wave forcings act as a downward control to the equatorial troposphere and can further enhance or reduce the small-scale waves and cirrus clouds there [Eguchi and Kodera, 2007] .
[4] The middle atmosphere wintertime dynamics are dominated by the polar vortex, a strong band of circumpolar westerly winds that forms from the balance between the Coriolis force and radiative forcing [e.g., Schoeberl et al., 1992] . Observations of and model results for the polar vortex and its variability are often analyzed with either a vortex-centered perspective using, e.g., vortex averages and equivalent latitude [e.g., Manney et al., 2005 Manney et al., , 2009a Manney et al., , 2009b or along-orbit perspective views [Lahoz et al., 2009 , and references therein], or from a zonal mean and planetaryscale (wave numbers 1 to 3) wave decomposition [e.g., Manney et al., 2008a Manney et al., , 2009a Siskind et al., 2007, 2010, and references therein] .
[5] Another way of looking at dynamical perturbations in the winter polar regions is to project the variability in geopotential height (GPH) onto empirical orthogonal functions (EOFs) [e.g., Wallace, 1998, 2000; Limpasuvan and Hartmann, 1999; Dunkerton, 1999, 2001; Ruzmaikin and Feynman, 2002; Thompson et al., 2005; Gerber et al., 2010] . The first EOF mode, referred to the Northern or Southern Hemisphere annular mode (NAM and SAM), is an approximately axially symmetric structure between high latitude and midlatitude and has been used to monitor the strength of the winter polar vortex. Lee et al. [2009] show the first six EOF modes of the Aura Microwave Limb Sounder (MLS) GPH observations up to mesopause during extreme events such as stratospheric sudden warmings (SSWs).
[6] Above the stratosphere, observations of the polar vortex have been limited, but vertical descent from the mesospheric into the stratospheric vortex has been studied with various models and data [e.g., Fisher et al., 1993; Manney et al., 1994 Manney et al., , 1995 Rosenfield et al., 1994; Bacmeister et al., 1995; Eluszkiewicz et al., 1995; Abrams et al., 1996a Abrams et al., , 1996b Allen et al., 2000; Kawamoto and Shiotani, 2000] . Fisher et al. [1993] analyzed threedimensional winds from a mechanistic model of the stratosphere and mesosphere to describe the general features of large-scale air motion through the course of an idealized austral winter. Manney et al. [1994] and Rosenfield et al. [1994] estimated the diabatic descent rates at several altitudes within the polar vortices by calculating diabatic cooling for ensembles of trajectories in the vortex using winds and temperatures from the Met Office stratospheretroposphere data assimilation system analyses. Manney et al. [1995] estimated the vertical descent inside the polar vortex from Lagrangian transport calculations using Upper Atmosphere Research Satellite (UARS) Microwave Limb Sounder (MLS) and Cryogenic Limb Array Etalon Spectrometer (CLAES) tracer observations.
[7] Unusual vertical displacement of the winter Arctic stratopause and anomalous descent of mesospheric air following the strong, prolonged SSW in 2006 are shown and compared to 2005 by Siskind et al. [2007] . Using the data from Sounding of the Atmosphere with Broadband Emission Radiometry (SABER) experiment on the NASA/ Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite and simulations from the NOGAPS-ALPHA (Navy Operational Global Atmospheric Prediction System-Advanced Level Physics High Altitude), they found that polar descent in strong reformed vortex after the SSW in 2006 was much stronger than that at a similar time in the cold, relatively undisturbed 2005 winter, and suggested that gravity waves modulated by planetary waves were important in coupling the stratosphere and the upper atmosphere.
[8] Aura MLS data can provide new insights on the polar vortex dynamics throughout the middle atmosphere by extending the GPH, temperature, and trace gas measurements from the upper troposphere to the mesopause. MLS CO volume mixing ratio (VMR) shows a large vertical gradient, with values from ppmv (parts per million by volume) in the mesosphere to ppbv (parts per billion by volume) in the low stratosphere (Figures 1a and 1c ). While some CO is produced by the oxidation of methane in the stratosphere, most of stratospheric and mesospheric CO is created by photolysis of carbon dioxide in the upper mesosphere and thermosphere and transported downward into the lower mesosphere and stratosphere [Solomon et al., 1985; Allen et al., 1999] .
[9] The main loss mechanism is oxidation by the OH radical. In the polar night, mesospheric CO is conserved due to lack of OH. Therefore, the diurnal cycle in CO VMR is small and its concentration can be used as a good tracer of atmospheric dynamics in both day and night, particularly for the wintertime polar dynamics.
[10] The balance between the source and the sink leads to the strong vertical gradient of CO mixing ratios with relatively abundant CO in the upper mesosphere, but with extremely small VMRs in the lower stratosphere (Figures 1a and 1c) . Horizontal CO gradients reflect the transport in the winter polar vortex. The descent in the polar region brings high CO from the mesosphere to the lower stratosphere. Since the CO lifetime is over 30 days in the polar stratosphere and mesosphere during winter [Minschwaner et al., 2010] , it is long enough to maintain the horizontal gradient between low CO outside the vortex and high CO inside. It has a relatively shorter lifetime (about 10 days) at the low latitudes and midlatitudes in the middle to upper stratosphere, which helps to remove CO quickly once it is mixed out of the vortex.
[11] It will be shown in section 4 that meridional CO gradients decrease in the stratosphere (below ∼1 hPa) during strong SSWs, but stronger gradients begin to build up in the mesosphere 4∼5 days after the SSW. The high CO VMR transported down to the stratospheric polar vortex does not disappear immediately after the SSW events. Breaking planetary waves may help to mix it with the midlatitude air, causing a slight increase of midlatitude CO. However, the short (∼10 days) lifetime there makes CO gradually disappear.
[12] The H 2 O VMR decreases (Figures 1b and 1d ) with height in the mesosphere where it is influenced by solar Lyman a flux as a sink through the photolysis. However, the solar influence on the water vapor VMR becomes less significant below ∼80 km [Grygalashvyly and Sonnemann, 2006 ]. In the middle and lower stratosphere, water vapor abundance is affected by many factors, including the descent from the mesosphere, transport from the tropical tropopause through the Brewer Dobson circulation [Randel et al., 1993 [Randel et al., , 2006 , chemical formation from oxidation of methane, and dehydration via sedimenting of polar stratospheric clouds (PSCs) during winter.
[13] The chemical lifetime of water vapor in the middle atmosphere is of the order of years in the lower stratosphere (in absence of PSC processing) and months in the lower mesosphere [Brasseur and Solomon, 2005] . Because of different vertical gradients of H 2 O VMR above and below its peak in the upper stratosphere, H 2 O concentrations carry different dynamical signatures depending on the altitude range. The dry air from the mesosphere can be used as a dynamical tracer to examine the polar descent from the upper atmosphere. Conversely, in the lower and middle stratosphere, the descent of moist air can be used as a tracer of transport. In the upper stratosphere where H 2 O abundance peaks, H 2 O is not a good tracer.
[14] The zonal mean H 2 O distribution in the stratosphere is nearly symmetric about the equator during the boreal winter ( Figure 1b ), but is slightly asymmetric during the austral winter ( Figure 1d ). During the austral winter, moist air extends below 10 hPa in the Southern Hemisphere polar region while it is confined above 5 hPa in the boreal winter.
[15] To better understand dynamical variability of the wintertime polar middle atmosphere, we analyze Aura MLS GPH, CO and H 2 O measurements to examine middle atmosphere dynamics and transport from the mesopause to the upper troposphere. We extract the EOF modes for GPH, CO, and H 2 O at each MLS retrieval pressure to study mesosphere-stratosphere coupling and descent in the polar cover the regions poleward of 82°latitude, the observations in latitude bins between 20°N and 82°N for NH (20°S and 82°S for SH) during the winter months (November to March for NH; May to October for SH) are used to derive the winter EOF modes.
[17] MLS GPH accuracy and precision are ∼100 m in the middle stratosphere and ∼150 m at 316 hPa. The MLS GPH low bias with respect to SABER, which increases with height, is estimated to be 100 m or less for 10-0.046 hPa, and 500-750 m at 0.001 hPa; an overall bias, however, has little impact on the anomaly fields used to calculate the EOFs. Details on validation of the MLS geopotential height field and temperature are discussed by Schwartz et al. [2008] . Typical precision values of the MLS V2.2 CO vary from 0.02 ppmv at 100 hPa, 0.2 ppmv at 1 hPa, to 11 ppmv at 0.002 hPa, with vertical resolution of 4, 3, and 9 km, respectively [Pumphrey et al., 2007] . Typical precision values of the MLS V2.2 water vapor are 0.3-2 ppmv over the range of 68 to 0.002 hPa with vertical resolution of 3-4 km at pressures >2 hPa, 5-7 km at 1-0.2 hPa, and 12-16 km at pressures <0.1 hPa [Lambert et al., 2007] .
Method
[18] To characterize wintertime polar variability, we apply an EOF analysis as described by Dunkerton [1999, 2001] and compute the EOF modes from daily gridded MLS GPH and tracers observations. The EOF analysis is carried out independently for each altitude from the daily measurements of the entire winter period (November to March). A wintertime mean of the MLS data is removed for each grid cell before calculating the EOF modes of GPH, H 2 O, and CO anomalies. Details of the EOF calculation from the MLS GPH and its comparison with that obtained from the longer-term analysis are discussed by Lee et al. [2009] .
Empirical Orthogonal Function Analysis of GPH, CO, and H 2 O

EOF Patterns
[19] Figures 2 and 3 show the first three EOF patterns of GPH and CO at 0.1 hPa for the NH winter and SH winter, respectively. Two additional stratospheric levels, 10 hPa and 56 hPa (4.6 hPa and 56 hPa in the SH), are used to show H 2 O variations because of its changing horizontal and vertical gradients. The first EOF mode of GPH, called the Northern Annular Mode (NAM) in the NH and the Southern Annular Mode (SAM) in the SH, represent an approximately axially symmetric annular structure of the polar vortex (Figures 2a and 3a) , reflecting minimum of the mean GPH field at winter pole.
[20] Similarly, the first EOF modes of CO and H 2 O are defined as CNAM and HNAM in the NH and CSAM and HSAM in the SH (Figures 2b-2e and 3b-3e). The first EOF of CO (CNAM and CSAM) in the middle atmosphere is an approximately axially symmetric annular pattern with a "dome-like" shape centered on the pole, reflecting high CO VMR in high latitudes decreasing with decreasing latitude.
[21] The middle atmospheric circulation results in low H 2 O VMR in the winter polar mesosphere due to descent from the mesopause and high H 2 O VMR in the summer polar mesosphere [Andrews et al., 1987] due to ascent from the stratosphere. Thus the first EOF of H 2 O (HNAM and HSAM) in the mesosphere is also an annular pattern with "well-like" shape centered on the pole, reflecting a mean distribution of H 2 O that is dry at high latitudes and moist at low latitudes (Figures 2c and 3c ).
[22] The second and third modes of the NAM, SAM, CNAM, and CSAM can be viewed as a pair of wave 1 patterns with the orthogonal orientation rotating slightly with altitude. Similar ranking of EOF patterns has been noted in NH column ozone [Jiang et al., 2008] . For the HNAM and HSAM (Figures 2c-2e and 3c-3e), the second EOFs have an annular pattern at high latitudes transitioning to a wave 1 pattern at midlatitudes. The EOF modes in the trace gases reflect the strengthening and weakening of anomalies as in the GPH modes since strong vortices are associated with stronger tracer gradients along their edge. However, unlike the GPH EOF modes, which are forced from the lower atmosphere, the CO EOF modes also carry a fingerprint of perturbations from the thermosphere and upper mesosphere as a result of descent. Similarly, the mesospheric H 2 O EOF modes reflect changes in the anomaly strength/sign and the descent of perturbation patterns originating in the upper mesosphere; the lower stratospheric H 2 O patterns are associated with upward propagating planetary waves (Figures 5c and 9c ).
[23] The first EOF of GPH in the SH (SAM) accounts for up to 90% (60% in the NH (NAM)) of the total variance in the middle atmosphere before decreasing in the upper mesosphere (above ∼0.01 hPa). Considering the fact that the mode is calculated from every grid point between 20°S and 82°S, capturing 90% of variance in a single in a single EOF mode is exceptional. It captures less variability near 300 hPa than does the NAM (which explains ∼17% of the variability at this level), explaining less than 15%, of the variability. Details of the vertical distribution of variance of the NAM are explained by Lee et al. [2009] . As expected given the stronger and more symmetric SH polar vortices, the SAM captures more variance than the NAM in the upper stratosphere and mesosphere. However, it explains less variance than the NAM at levels below ∼10 hPa.
[24] The CNAM and CSAM explain more than 60% of the variance at ∼10 hPa in both hemispheres, but the percentage decreases steadily with increasing height to ∼0.01 hPa. Below 50 hPa, these modes represent less than 17% of the total variance, likely due to the diminishing MLS sensitivity to CO and very low CO mixing ratios.
[25] The amount of variance accounted for by the HNAM varies strongly with height and has peaks near 0.1 hPa and 1 hPa that explain ∼60% of the total variance at those levels. The HSAM accounts for the most variance, ∼50%, near 0.01 hPa (Figure 4m ). The spatial patterns and variances of the HNAM and HSAM are quite different reflecting different distribution of H 2 O between the NH and SH. Variances explained by the HSAM are larger in the middle and lower stratosphere than those of HNAM, consistent with larger planetary wave amplitudes in the NH stratosphere. The variance explained by the first mode of H 2 O is less than that from GPH, possibly due in part to local variability caused by the interplay between chemistry and dynamics [e.g., Flury et al., 2008; Remsberg, 2010] .
[26] The first EOF modes from the GPH, CO, and H 2 O are significant at all MLS pressure levels. According to the LEE ET AL.: AURA MLS DYNAMICS AND TRANSPORT D05110 D05110 criterion of North et al. [1982] , the eigenvalues (l k ) of the EOF modes have sampling uncertainties Dl k ∼ l k ffiffiffiffiffiffiffiffiffi 2=N p when the covariance matrix is constructed on the basis of N independent samples. A similar amount of variance is explained by the second and third modes, suggesting that these modes are closely connected to each other.
Indices of the Modes
[27] The index of the principal component in GPH, generated by regressing daily data onto the spatial pattern of the first EOF, has been quite useful (1) to monitor the strength of the daily polar vortex variations and (2) to track the vortex evolution with time and height [Lee et al., 2009] . Calculating an analogous, dimensionless index from trace gas mixing ratios can help characterize the dynamical structures or processes controlling them at different altitudes. For example, the CO mixing ratio can vary from many ppmv in the mesosphere to a few ppbv in the low stratosphere, thus requiring appropriate scaling to compare the structures between these regions using conventional analysis methods, whereas the dimensionless index can be compared directly over a broad altitude range.
[28] Cross sections of MLS GPH, CO, and H 2 O composites in the extreme positive and negative phases are shown in Figure 4 for both hemispheres. The extreme positive, or very strong vortex, phase is defined by a NAM index more than one standard deviation above the mean of the 6 years (5 years for the SH) of winter index values. The extreme negative, or very weak vortex, phase is similarly defined by an index more than one standard deviation below the mean. In the positive phase, GPH in the mesosphere decreases poleward with a "well-like" shape centered on the pole, a manifestation of a strong winter polar vortex in the middle atmosphere ( Figure 4b ). The negative NAM phase is characterized by a shallow, less defined "well," the case of a weak vortex (Figure 4a ).
[29] The positive index of CNAM represents abundant CO mixing ratios in high latitudes (Figure 4e ), indicating strong descent within the strong vortex represented by the concurrent positive GPH NAM index. In the mesosphere, the mean structures of the H 2 O composite are similar to those of CO, but meridional gradients of the abundance are reversed. The positive index of HNAM represents low mixing ratios of water vapor at high latitudes in the mesosphere, with a strong meridional gradient from pole to low latitudes (Figure 4h ), again consistent with strong descent. The strength of the signature of confined descent in the vortex during different NAM phases is reflected in the latitudinal CO and H 2 O gradients (Figures 4b, 4e , and 4h): More pronounced gradients across the NH and SH in the strong vortex case arise from an undiluted signature of strong descent when air is well confined within a strong vortex. The positive phase of CNAM and HNAM in the mesosphere corresponds to less horizontal transport of the tracers from low to high latitudes with a well-developed polar vortex, while the negative phase corresponds to enhanced latitudinal transport and a less distinct signature of confined descent within a weaker, more permeable, polar vortex.
[30] In the stratosphere, H 2 O mixing ratios increase due to its formation from oxidation of methane, and reach a maximum near the stratopause and in the lower mesosphere. Below 5 hPa, the vertical gradient of water vapor is reversed from that of the mesosphere. Thus, the negative phase of the HNAM index below 10 hPa appears as a well-defined "dome-like" structure centered on the pole, which represents high mixing ratio in high latitudes with stronger latitudinal gradient (Figures 4i-4j ). The high index still represents low mixing ratios, but with weaker latitudinal gradients (a lower "dome"). In the positive phase of HSAM at 56 hPa level, strong meridional gradients from pole to high latitudes are observed (Figure 4l ) because of the loss of water vapor in the cold SH lower stratospheric polar vortex via PSC processes (sequestration and/or dehydration), whereas weak gradients are observed in the HNAM case since there is much less extensive PSC activity in the warmer NH lower stratospheric vortex. Stronger horizontal transport from low latitudes due to planetary wave activity in the NH [e.g., Randel et al., 1993] is reflected in the composited H 2 O distribution and in the low percentage (∼15%) of the total variance explained by the HNAM (Figure 4m ).
Estimate of Descent of Anomaly Index
[31] The maximum CNAM/CSAM index can be used to monitor evolution of the middle atmospheric dynamics since the primary CO source is thermospheric photolysis of CO 2 [Solomon et al., 1985] . With a long lifetime in the middle atmosphere during winter, CO is a good tracer of transport in the polar vortex. If the polar descent in the winter occurs without significant horizontal mixing or chemical or photochemical losses, that diabatic descent will fill the vortex to progressively lower altitudes with high CO from above, as is represented in the first EOF mode. Thus, CO descending through the mesosphere into the stratospheric vortex will be reflected in descent of CO index contours. Because the maximum index may also descend if the anomaly strengthens at progressively lower levels (as would, for example, be expected when the vortex forms starting first at the top), the descent rate of the index typically will not represent solely the material descent rate; the extent to which it does so provides information on the relative importance of the two processes to the evolution of the index.
[32] Thus, although the CNAM/CSAM is a good indicator of winter polar dynamics, its evolution cannot necessarily be interpreted as a quantitative measure of the material descent since chemical processes and dynamical processes not directly related to descent may also affect the CNAM/ CSAM changes. On the other hand, unlike methods using individual profiles inside the vortex [e.g., Kawamoto and Shiotani, 2000] , our approach derives the descent rate based on the entire high-latitude structure, representing an average rate of the polar CO changes. Some studies have used "vortex-averaged descent" methods using trace gas data to estimate the descent inside the vortex [e.g., Schoeberl et al., 1992; Tuck et al., 1993; Russell et al., 1993] . Those studies, however, were typically confined to the middle and/or lower stratosphere, and often hampered by sparse data.
[33] To estimate descent of the CNAM index, the pressure level of the CO index maximum in each winter as a function of time (day) is regressed onto a fourth-order polynomial function for a smooth curve P(t) from 1 December for the NH and from 1 May for the SH. The regression coefficients for log 10 P(t) = p 0 + p 1 t + p 2 t 2 + p 3 t 3 + p 4 t 4 are listed in Table 1 . The pressure level, P, is converted to a geometric height, Z, using an average DJFM temperature profile poleward of 60°N for the NH (MJJASO temperature poleward of 60°S for the SH) during 2005-2008 from the GMAO Modern Era Retrospective-Analysis For Research and Applications (MERRA) analysis up to 0.01 hPa. Z is estimated to be a function of log 10 P, Z = −15.77 log 10 P + 46.03 in the NH, and Z = −15.92 log 10 P + 45.36 in the SH, when P is from 0.02 hPa to 165 hPa.
[34] The curve of Z(t) is then converted to a descent rate at a particular height at each time since each Z(t) curve passes a particular altitude on a particular day of the year. Thus we derive the descent rate w(t) = dZ(t)/dt = [Z(day + 1) − Z(day)]/day, which represents the descent rate at a particular altitude on a given day. This approach derives the descent rate based on the entire CNAM or CSAM structure, representing an overall or average rate of polar descent of the MLS high-latitude (60°N-82°N) tracers.
[35] In the SH, the descent is usually relatively continuous from the mesosphere to the upper troposphere during the winter. However, in some NH winters (2006, 2009 and 2010) there are two periods of descent, with the interruption caused by an extreme SSW. Therefore, we estimate the descent rate for two different periods in the NH: one for the stratosphere during early winter starting in December and one for the mesosphere during late winter starting in February (Table 1) Andrews et al., 1987; Siskind et al., 2007 Siskind et al., , 2010 Coy et al., 2009] . The Aura MLS observation period covers six NH winter seasons (2005) (2006) (2007) (2008) (2009) (2010) during which three unusually strong and prolonged major SSWs occurred (2006, 2009 and 2010 in January 2006 and 2009 distorted the polar vortex in a topdown progression with the vortex breakdown starting in the mesosphere, then shifting the stratospheric vortex off the pole in 2006 and splitting it in 2009. Prior to the major SSWs in 2006, 2009, and 2010, the stratospheric vortex is stronger in the upper stratosphere and lower mesosphere compared to other years as indicated by the CNAM index, with associated stronger descent in this region (Figure 5b) , as in the work of Manney et al. [2008b] and Siskind et al. [2007 Siskind et al. [ , 2010 .
[ 
Stratosphere
[40] The downward progression of the CNAM maxima in Figure 5b shows two periods of strong descent of the index associated with the two distinct confined descent periods in fall/early winter as the vortex strengthens, and during the reformation of the vortex after the SSW. The positive values in early February 2006, 2009, and 2010 descend from the lower mesosphere to the stratosphere (∼10 hPa) following the SSWs while a vortex is forming in the mesosphere and upper stratosphere. The progression of the positive index values below 1 hPa reflects descent of high CO concentration from the upper stratosphere and lower mesosphere (USLM) to the stratosphere (∼10 hPa) as stratospheric vortex is forming in early winter; the strengthening of the vortex at progressively lower levels may also contribute to the descent of the CO index maxima.
[41] During the strong SSW years (2006 and 2009), as revealed by the CNAM index maximum, the early vortex descent is interrupted before reaching the midstratosphere (∼10 hPa). The descent in nonwarming years, on the other hand, can continue down to the ∼10 hPa level by early March. The USLM descent is interrupted before February while a positive CNAM index (i.e., strong vortex) is being developed in the mesosphere. In 2010 winter, unlike other winters with strong prolonged SSWs, the USLM descent continues into March, since the mesospheric vortex development is not strong enough to interrupt the early descent.
[42] The CNAM analysis reveals a significant anticorrelation (r = −0.9) between the mesospheric and stratospheric CNAM indices from 2005 to 2010 winters as shown in Figure 6 . These indices are from 1 to 10 March each year, averaged at pressures between 0.1 and 0.2 hPa for the mesosphere and between 20 and 30 hPa for the stratosphere. Strong mesospheric vortices (positive indices) concurrent with weak stratospheric vortices (negative indices) in late winter are thought to result from planetary-gravity wave interactions, in which planetary waves associated with SSWs prevent gravity waves from reaching the mesosphere and allow the vortex to reform strongly in the upper mesosphere [e.g., Siskind et al., 2007 Siskind et al., , 2010 . In other words, the highly disturbed lowermost stratosphere during the SSW blocks the propagation of gravity waves that normally break in the upper mesosphere region. Thus, the dynamic heating above the stratosphere is reduced, leading to a more radiatively controlled atmosphere in the mesosphere with a stronger vortex. On the other hand, when the stratosphere is less disturbed with strong vortex, gravity waves propagate to the upper mesosphere before breaking and weakening the vortex in that region.
[43] In the stratosphere, the HNAM index accounts for less variability than the CNAM index, likely because the mixing ratio increases due to the formation source from oxidation of methane: If smaller-scale variances are produced by chemical processes, this would reduce the fraction of variability at large scales explained by the first HNAM mode. The amount of variance explained by this mode drops to 20%-30% below 1hPa level.
Descent and Transport of Trace Gases
[44] The descent of the CNAM index maximum, P(t), and the rate of this descent, w(Z), as explained in section 3, are shown in Figure 7 for the NH winter. The pressure level of the CO index maximum in each winter, a function of time (day), is regressed to a fourth-order polynomial function for a smooth curve P(t) from 1 December (Table 1) .
[45] The rates of descent of the CNAM index from the mesosphere during the SSW winters (i.e., 2006, 2009, and 2010) are similar, with the 2006 descent starting slightly earlier than that in 2009. Two years (2006 and 2009) mean HNAM index shows similar mesospheric descent to that of the CNAM index during 2006 and 2009. Generally speaking, the descent rate of the index is higher in the mesosphere and decreases linearly as altitude decreases from ∼1.5 km/d (∼45 km/month) at 80 km to ∼0.5 km/d (∼15 km/month) at 60 km. The typical stratospheric index descent rate during non-SSW winters is ∼0.2 km/d.
[46] The downward propagation of the maximum CNAM index shows descent of polar vortex anomaly, which can result from several processes. Wave breaking and mixing above the strongest vortex level tend to reduce tracer (CO and H 2 O) gradient and its annular mode index. Since the EOF analysis measures the contrast of tracer concentrations between 20°N and 82°N, it cannot distinguish subsidence between inside and outside of the vortex. Besides material descent in the vortex, mixing, chemistry, and subsidence outside of the vortex also can contribute to the evolution of the index.
[47] As seen in Figure 8a , the zonally averaged (60°N-82°N) MLS CO volume mixing ratio is between 1 and 35 ppmv in the pressure range 0.1 hPa (∼60 km) to 0.002 hPa (∼90 km). In the stratosphere, it is extremely low between 100 to 1000 ppbv in the pressure range 100 hPa (20 km) to 0.1 hPa (60 km). The CO abundance shows maxima during the winter in the high-latitude region [Filipiak et al., 2005; Jin et al., 2009] , which is a manifestation of the summer-to-winter meridional circulation at these altitudes and the descending air motion near the winter pole [Andrews et al., 1987] .
[48] In all of the strong SSW winters (2006, 2009 and 2010) , the USLM CO is reduced during a short period in January, as a result of mixing into the extravortex regions and the pause in the signature of confined descent in the lower mesosphere. High CO concentrations in the upper mesosphere are seen to start descending as the mesospheric vortex reforms in late February 2006 February , 2009 February , and 2010 with the CNAM development in Figure 5b . This signature of descent in January 2009 appears about one week later than in 2006. The time-height evolution of the averaged CNAM index, P(t), captures well the mesospheric and stratospheric CO mixing ratio descent seen in Figure 8a , demonstrating that descent of the index is a good measure of the descent of CO maximum abundance. This suggests that, in these cases, the material descent is, in fact, a dominant factor in the evolution of the CNAM index.
[49] Figure 8b shows the time-height variation of MLS H 2 O averaged over a high-latitude bin (60°N-82°N) . The time-height development of H 2 O also indicates strong descent of dry air from the upper mesosphere to the upper stratosphere during both SSW winters as shown by Orsolini et al. [2010] with the Odin Sub-millimeter Radiometer instrument. Compared to 2006 SSW, during which humid recovery is seen in early March in the USLM, the descent after the 2009 SSW into the upper stratosphere is even more profound and prolonged, continuing until the late March. Evolution of the CNAM index, P(t), is superposed on the averaged high-latitude H 2 O contours and it represents well the mesospheric descent above 1 hPa after the SSWs in February 2006 February , 2009 February , and 2010 [50] In the mesosphere H 2 O decreases from about 6 ppmv at 0.1 hPa (∼60 km) to about 0.5 ppmv at 0.002 hPa (∼90 km) where it is destroyed by photolysis at Lyman a wavelengths. In the stratosphere, H 2 O mixing ratio increases up to 7 ppmv due to the formation from oxidation of methane and reaches a maximum near the stratopause and lower mesosphere. The H 2 O VMR decreases from the upper troposphere (∼0.35% near 316 hPa) to the lower stratosphere (a few ppmv). H 2 O is a good tracer for diagnosing transport in the middle atmosphere. However, it is not as good a tracer as CO for diagnosing vertical motions throughout the middle atmosphere due to the relative complexity of photochemical sources and sinks in the stratosphere. As seen in the H 2 O VMR in Figure 8b , H 2 O becomes less correlated with the dynamic transport below the midstratosphere compared to CO (Figure 8a) .
Southern Hemisphere 4.2.1. The Southern Annular Mode
[51] Compared to the NAM, the SAM has been studied less, partly because of lack of reliable observations of GPH. In this study we apply the same algorithms as used for the NH to compute the first EOF modes for MLS GPH, H2O, and CO, and the descent rates from the trace gases, in the SH.
[52] The first EOF mode of GPH in the SH, or SAM, is characterized by nearly zonally symmetric north-south vacillations from the midlatitude westerly jet [Kidson 1988; Karoly, 1990; Limpasuvan and Hartmann, 1999; Thompson and Wallace, 2000; Thompson et al., 2005] . The SAM has a strong vertical coupling between the mesosphere and the stratosphere, as shown by the SAM index in the GPH field in Figure 9a . The high-index polarity of the SAM, defined in the same manner as for the NAM, is the period when GPH over the SH pole is anomalously low (Figure 4b) . The low index polarity of the SAM is defined by anomalies in the opposite sense (Figure 4a ).
[53] Figure 9a shows as much wintertime variability of the SAM index in the middle atmosphere as of the NAM during a given winter. However, in contrast to the NAM, the SAM reveals less interannual variability, showing persistence of the mode evolution throughout the whole middle atmosphere. The positive SAM phase, corresponding to a strong polar vortex and low temperatures, begins in the mesosphere (above 1 hPa) and continues for five months from May to September, progressing gradually downward into the upper stratosphere during the austral winter. The positive phase in the stratosphere (below 10 hPa) continues from July to September.
[54] A rapid change of the SAM patterns toward the negative phase occurs in late September throughout the entire mesosphere and stratosphere. The progression of the mesosphere-to-stratosphere SAM captures the relatively slow evolution of the middle and lower stratospheric vortex over ∼2 months, which coincides with the vortex breakdown by October in lower mesosphere and by late October and November in the upper stratosphere [e.g., Manney et al., 2005 , and references therein].
[55] The slightly negative SAM indices in 2007 winter indicates a SSW in the SH. The MLS observation shows ∼20 K increase of polar temperature (60°S-82°S) during mid-September 2007. The recent study of Eguchi and Kodera [2010] reports the Southern Hemisphere SSW in 2007, suggesting that the influence of the 2007 SSW extends to the tropical tropopause layer (TTL) similar to that in 2002 [Eguchi and Kodera, 2007] .
Descent and Transport of Trace Gases
[56] The lack of strong SSWs in the SH in the period covered by MLS makes the CSAM index development quite different from that in the NH, leading to an uninterrupted descent in the winter polar middle atmosphere from the upper mesosphere to the middle stratosphere ( Figure 10) . The descent rate of the maximum CO index in the SH (CSAM index) appears to be similar for the 5 years (Figure 9b ). The vortex descent starts slightly earlier in 2007 than that in 2008 and 2009. Above ∼5 hPa, the H 2 O index (HSAM) shows the downward progression generally consistent with the curve inferred from the CSAM index (Figure 9c ). Below 1 hPa, the negative HSAM index shows stratospheric descent slower than that in the mesosphere.
[57] There exist interannual variations in the SAM index amplitude as well in its descent rate. Above ∼60 km, as shown in Figure 10 As in the NH, the descent rate of the index increases nearly linearly with altitude from 0.2 km/d at ∼40 km to 1 km/d (30 km/month) at ∼80 km. It is nearly constant in the middle and lower stratosphere below 40 km at 0.16-0.2 km/d (4.7-6 km/month). As was the case in the NH, the descent rate of the CSAM index is usually similar to the descent rate of CO mixing ratio contours averaged over the polar region (Figure 11 ), suggesting that descent of air in the vortex is a primary factor in controlling the CSAM evolution; however, in the fall and early winter, the downward slope of the CSAM contours is steeper than that of individual CO contours in the polar average in Figure 11 , suggesting that the strengthening of the vortex at progressively lower levels is also contributing to the descent of the maximum anomaly.
[58] Early work of Fisher et al. [1993] explored general parcel motion of the Antarctic winter air in the stratosphere and mesosphere using winds from a 3-D model. They found that parcels initialized in the mesosphere (0.1 hPa) could descend as low as 100 hPa in the polar region over a period of 5 months, beginning in early winter. The modeled tracer distribution within the polar vortex is found to be dependent on the strength of dynamical drag in the middle atmosphere and the strength of the planetary wave forcing [Bacmeister et al., 1995] . Their results using the UARS Halogen Occultation Experiment (HALOE) methane are consistent with ours that the weaker planetary wave forcing in the SH winter results in more coherent descent of long-lived tracers from the mesosphere than in the NH.
[59] Abrams et al. [1996a Abrams et al. [ , 1996b , using data from the Atmospheric Trace Molecule Spectroscopy (ATMOS) instrument during the Atmospheric Laboratory for Science and Applications 2 (ATLAS 2) and ATLAS 3 missions, showed similar descent rates for long-lived tracers in both hemispheres (∼3.2 km/month at 40 km), but the shorter time period of descent in the NH led to less net descent than the SH. Kawamoto and Shiotani [2000] estimate the vertical descent using CH 4 profiles from UARS HALOE in the stratosphere, which yielded a value of 1.2-1.8 km/month at 0.6 ppmv (20 to 35 km).
[60] The descent rate of the CSAM index is larger (4.8∼6 km/month below 40 km) than the material descent estimates from the previous studies (e.g., ∼3.2 km/month from Abrams et al. [1996b] ; ∼1.8 km/month from Kawamoto and Shiotani [2000] ). The descent rate in this study is estimated with the maximum of CO index at a certain altitude on a given day; although this does appear to usually follow the descent of maximum CO VMR averaged over high latitudes (60°S-82°S), a contribution from a signature of the anomaly strengthening at progressively lower levels in fall and early winter may result in the descent of the index being an overestimate of material descent. On the other hand, the earlier studies cited were severely limited by the sparseness of the data in both space and time, whereas our approach derives the descent rate of CO maximum highlatitude VMR based on the entire high-latitude CO structure during the extended winter period.
[61] The high CO VMR at high latitudes (60°S-82°S) is transported down to the stratosphere with a continuous downward extension of the enhancement into the lower stratosphere in each austral winter, as seen in Figure 11a . As expected from the descent of CSAM index, P(t), monotonic descent starts near the mesopause in early winter in May and continues into the lower stratosphere until October. Evolution of CSAM index, P(t),superposed on the averaged high-latitude CO, generally coincides closely with the mesospheric CO descent into the lower stratosphere during most of the austral winter.
[62] In Figure 11b , the zonally averaged MLS H 2 O VMR over high latitude of the SH (60°S-82°S) shows that the mesospheric dry air is transported down to the upper stratosphere as a result of the descent inside the polar vortex. H 2 O has a thick moist layer in the stratosphere between the pressure range 50 hPa to 0.1 hPa, which does not allow the transport to be observed as a vortex anomaly.
[63] Figure 8 showed that there is a gradual decrease in NH wintertime CO abundance at 0.002 hPa at a rate of ∼1.8 ppmv/yr during the boreal winter months (NDJFM) from ∼30 ppmv in 2005 to ∼20 ppmv in 2008-2010. Similarly, the mesospheric SH CO during the austral winter months (MJJASO) also decreased at a rate of ∼1 ppmv/yr from ∼25 ppmv in 2005 to ∼20 ppmv in 2009. Because mesospheric CO is transported from the lower thermosphere, where its abundance is sensitive to photolysis, this decrease is likely associated with the 11 year solar cycle. Solar cycle influences on apparent subdecadal trace gas trends are a subject of ongoing studies.
Conclusions
[64] We have analyzed the leading EOF modes of the Aura MLS GPH, H 2 O and CO measurements in 2005-2010, and used the CO and H 2 O annular mode indices (CNAM/ CSAM, HNAM/HSAM) to characterize polar dynamics and transport in the wintertime middle atmosphere. To our knowledge, this is the first analysis of trace gases in the context of annular modes and the relationship of those features to the NAM/SAM in GPH.
[65] The first EOF of CO (CNAM and CSAM) in the middle atmosphere is an axially symmetric annular pattern which is "dome-like" shape centered on the pole, reflecting high CO VMR in high latitudes which decreases as latitude decreases. The first EOF of H 2 O (HNAM and HSAM) in the mesosphere is also an annular pattern with "well-like" shape centered on the pole, reflecting a mean distribution of H 2 O that is dry at high latitudes and moist at low latitudes. The positive phase of CNAM and HNAM in the mesosphere corresponds to less horizontal transport of the tracers from low to high latitudes with a well-developed polar vortex, while the negative phase corresponds to enhanced latitudinal transport and a less distinct signature of confined descent with a weaker, more permeable, polar vortex.
[66] CO acts as a good tracer of transport in the entire middle atmosphere, bringing down the high CO abundance from the lower thermosphere to the stratosphere as the vortex evolves. Descent inside the polar vortex also brings dry mesospheric air down into the upper stratosphere, but its changing gradients make its interpretation as a tracer more problematic. The evolution of NAM and SAM indices for H 2 O and CO are generally consistent with each other in the mesosphere and upper stratosphere, although the reversal of the vertical gradient of H 2 O due to the production from methane oxidation makes the EOF analysis complex below the stratosphere.
[67] In the NH, the vertical profiles of NAM, HNAM, and CNAM indices from MLS GPH, H 2 O, and CO exhibit significant interannual variability. Our NAM analysis results show a stronger mesospheric polar vortex after significant SSWs (i.e., 2006 SSWs (i.e., , 2009 SSWs (i.e., , and 2010 [68] The CNAM analysis reveals a significant anticorrelation (r = −0.9) between the mesospheric and stratospheric CNAM indices from 2005 to 2010 winters. Strong mesospheric vortices (positive indices) concurrent with weak stratospheric vortices (negative indices) in late winter is thought to result from planetary-gravity wave interactions, in which planetary waves associated with SSWs prevent gravity waves from reaching the mesosphere, thus allowing the vortex to reform strongly in the upper mesosphere.
[69] An anomalously strong polar vortex leads to anomalously strong tracer gradients and thus a positive anomaly in the tracer EOF indices. Since such anomalies in vortex strength tend to propagate downward, this can contribute to the downward propagation of tracer EOF indices. Enhanced descent transports mesospheric H 2 O and CO into the lower mesosphere and upper stratosphere where it remains isolated in the strong reformed polar vortex, also enhancing tracer gradients and thus strengthening the positive EOF anomalies in the tracers.
[70] In the NH, strongest CNAM index descent occurs in the mesosphere where the NAM maximum progresses downward at a rate of 1.5 km/d after the stratospheric sudden warmings (SSWs). In both mesosphere and stratosphere, the NH vortex descent is slightly faster than that in the SH with maximum difference of ∼0.5 km/d in the mesosphere and of ∼0.04 km/d in the stratosphere. The typical stratospheric index descent rate during non-SSW winters is ∼0.2 km/d. In the SH, the strong vertical connection of the SAM suggests less interannual variability and more persistent descent from the mesosphere to stratosphere, compared to the NH.
[71] Lack of the SSW events makes the leading EOF mode development in the SH quite different from that in the NH, leading to a larger variance explained by the SAM in the mesosphere and continuous time-height evolution in the SAM index throughout the mesosphere to the upper troposphere.
[72] As in the NH, the SH CO index descent rate increases approximately linearly with altitude in the mesosphere, from ∼1 km/d at 80 km, becoming nearly constant below 40 km at about 0.16-0.2 km/d. In both hemispheres, these descent rates, estimated from the evolution of CO index, typically represent well the descent of CO from the upper mesosphere into the lower stratosphere seen in high-latitude averages, though the CSAM index descent may overestimate the material descent somewhat in fall to early winter. Further investigation is needed to determine how to more quantitatively relate descent of the CO annular mode index to material descent within the polar vortex.
[73] Knowledge of dynamics and mass transport and interannual variability in the middle atmosphere is critical to understanding variability caused by natural and anthropogenic forcings with a wide range of time scales. Disturbances in the mesosphere often influence the entire stratosphere, and can propagate further down to affect the surface via the stratosphere-troposphere coupling mechanism [Baldwin and Dunkerton, 2001] . Further investigation of interannual variability in disturbances and coupling in the middle atmosphere is thus important to understanding climate processes.
[74] Accurate amount of mesospheric CO and H 2 O from the MLS observation will be useful to imposing realistic upper boundary conditions in the stratospheric atmosphere models. Additional analyses of the EOF modes using model simulations (e.g., the Canadian Middle Atmosphere Model (CMAM) and the Whole-Atmosphere Community Climate Model (WACCM)), data assimilation system (DAS) analyses (e.g., CMAM DAS with online transport), and other trace gases (e.g., N 2 O and methane) will improve our understanding of middle atmosphere processes and coupling to the lower atmosphere, and can ultimately help improve the model physics (e.g., gravity wave parameterization) and forecast skills.
